Abstract. Seasonal and diurnal stomatal conductance, leaf transpiration, and soil water contents of two shrubs of Hippophae rhamnoides L. subsp. Sinensis Rousi and Caragana korshinskii Kom., two trees of Malus pomila Mill. and Robinia pseudoacacia L., and a forb, Artemisia gmelinii, were measured in field of the semiarid Loess Plateau, north China, during the growing season of 2002. We developed a dynamic, nonlinear semi-mechanistic model to relate stomatal conductance of these plants to soil water potential, incident photon flux density, vapour pressure deficit, and partial CO 2 pressure, on leaf surface. The model can be easily adapted to ecosystem simulation because of its mathematical simplicity. Guard-cell osmotic pressure at zero light intensity, apparent elastic modulus of guard cells per leaf area, half-saturation light intensity, maximum light-inducible osmotic pressure, soil-to-leaf resistance at zero plant water potential, sensitivity of soil-to-leaf resistance to xylem water potential, and plant body water capacitance, are independent parameters of the model. The model was fitted to the field data of the five species with a non-linear least-square algorithm to obtain the parameters. The result indicates that the model explained, on average, 88% of seasonal and diurnal variation of stomatal conductance for the five species, in comparison with 67% of variation explained by an early model without plant body water capacitance. Comparisons of the physiological parameters among the species show that the woody species exhibited more tolerance for water stresses than the forb because of their higher dark osmotic pressure, greater capability of seasonal and diurnal osmotic regulation, and stiffer guard cell structure (or smaller stomatal density or both). A decreasing trend of soil-to-leaf resistance from the trees to the shrubs to the forb was found in this study. Midday depression of transpiration and stomatal conductance may or may not occur, depending on the magnitude of body water capacitance.
Introduction
Stomatal control of gas exchange of plants in arid ecosystems is especially strong because plants in arid regions are more likely to be under prolonged, severe water stress (Reynolds et al. 1999) . Modelling stomatal conductance for arid plants is particularly challenging because physiological processes of plants in arid regions are more likely to be under extremely adverse conditions. The ranges of environmental variation in arid regions are so large that ecosystem nonlinearity often comes into play (Reynolds et al. 1996) . Simulation of arid ecosystems at various scales calls for reliable models of stomatal conductance in order to Abbreviations used: see Table 1 for a complete list of abbreviations and symbols used.
accurately quantify physiological behaviour of ecosystems. A stomatal-conductance model for this purpose must be reasonably mechanistically based in order to reduce the risk of extrapolation into future environmental regimes, yet the model must be mathematically simple enough so that largescale simulations are computationally feasible.
Stomatal conductance has been experimentally shown in several studies to be related to net carbon assimilation rate, air humidity, intercellular CO 2 concentrations, and soil water stress (Mooney et al. 1983; Muchow 1985; Aphalo and Jarvis 1991; Collatz et al. 1991; Mott and Parkhurst 1991; Knapp et al. 1994a Knapp et al. , b, 1996 Jacobs et al. 1996; Sellin 1996 Sellin ,1999  Kalapos et al. 1996; Franks et al. 1997; Nijs et al. 1997; Forseth et al. 2001; Lu et al. 2003; Schultz 2003) . Based on experimental evidences, several models were developed to describe stomatal conductance as functions of these biotic and abiotic factors (Farquhar and Wong 1984; Ball et al. 1987; Dewar 1995; Leuning 1995; Kemp et al. 1997; Dewar 2002; Buckley et al. 2003) . Empirical models (Ball et al. 1987; Leuning 1995, for example) were derived from large amounts of experimental data, but the empirical nature of these models makes it difficult to extrapolate them into environmental regimes beyond where the models were parameterised. In contrast, advanced mechanistic models (Dewar 2002; Buckley et al. 2003 , for example) integrate concurrent knowledge about the microscopic cellular structure and the hypothetical hydrobiochemical processes that controls the stomatal dynamics, and thus represent current understanding of stomatal behaviour. However, these models used a common approach of coupled definition between stomatal conductance and carbon assimilation rates, so that an iterative algorithm is required to solve stomatal conductance and carbon assimilation rates simultaneously (Noe and Giersch 2004) . The iterative computation used for this purpose does not favour large-scale simulations, because the stomatal conductance and carbon assimilation are the most fundamental processes of ecosystem simulation that are likely to be computed for each location (pixel) at each time step. Not only does an iterative algorithm consume tens or even hundreds of times more computer resources than a non-iterative one, but also the problems of convergence and limited computer speed sometimes make the task of simulation infeasible.
To avoid the coupled definition between stomatal conductance and carbon assimilation rates, Gao et al. (2002) developed a four-parameter, semi-mechanistic model that relates stomatal conductance to incident photon flux density, vapour pressure deficit, and soil water potential. The four parameters in the model were elastic compliance of guard cells per leaf area, osmotic potential of guard cell cytoplasm at zero light intensity (dark), sensitivity of the osmotic potential to the incident photon flux density, and soil-toleaf conductance. The model was shown to be capable of explaining more than 70% of the diurnal variation in leaf transpiration of 11 typical plant species from coniferous pines to broadleaved trees to shrubs in the humid southern subtropical China.
To relate stomatal conductance to micro-environmental variables, the model by Gao et al. (2002) has an assumption to simplify the water flow from soil to plant leaf by a single parameter of soil-to-leaf conductance, and the osmotic pressure of guard cells was assumed to increase linearly with incident photon flux density. In other words, variation of xylem conductance with water potential, saturation of light-induced osmotic regulation, and effects of the plant body as a water storage device on water flow in the soil-plant-atmosphere continuum (SPAC), were ignored. These assumptions are valid only if (1) plant water storage (capacitance) is small enough, or (2) plants are under low soil water stress (such as that for humid regions) so that the variations in plant water content (especially leaf water content) and xylem water potential are small enough, and (3) carbon assimilation depends primarily on light, but not on stomatal conductance. These assumptions are hardly true for plants in arid and semi-arid regions, where it is more likely that plant leaves are fully charged with water in early mornings, but intensive transpiration induced by large vapour pressure deficit around the midday and limited soil water supply together may bring the leaves to the wilting point and stomata to closure. In other words, diurnal variations in plant-body water content in arid regions can be much larger than those in humid conditions. The great variation in plantbody water content or potential in arid and semiarid regions is more likely to bring about stomatal control on various physiological processes than in humid regions, where water stresses are less. It is, thus, not difficult to imagine that the model faced great challenge when applied to plants in arid and semiarid regions.
In this paper, we first revised the previous model of stomatal conductance to include the effects of the diurnal variations in plant leaf water contents, the effects of decreases in soil-to-leaf resistance with plant water potential, and the effects of CO 2 concentration on leaf surface, as well as the saturation of light-induced osmotic regulation. Plant-body water capacitance, sensitivity of soil-to-leaf resistance to plant water potential, halfsaturation light intensity, maximum light-inducible leaf osmotic pressure, and reference CO 2 partial pressure on leaf surface, were added as additional parameters of the model. 
Model derivation

Basic assumptions
We assume that water flow in a plant body is analogous to electric current flow in a circuit (Nobel 1983; Thornley and Johnson 1990) . Water flows from soil with potential (ψ s ), to leaves with potential (ψ x ), through a soil-to-leaf resistance (r z ), driven by water potential gradient. Root water uptake counted per leaf area (T rr ) is partitioned into a transpiring component (T r ), through stomatal conductance (g s ), and a charging component (T rx ) that stores water in plant body. From the above assumptions and mass balance, we have:
and:
We further assume that r z decreases linearly with plant water potential (Dewar 2002) , so that:
where r z0 is the resistance at zero plant water potential, and λ is a constant parameter.
Transpiration T r on leaf surface (but beneath the boundary layer) was defined as the product of leaf surface vapour pressure deficit, D v , and stomatal conductance (Campbell and Norman 1998) , i.e.:
where P a is air pressure and D is the relative vapour pressure deficit calculated as D v divided by P a . When applying eqn (4) to our field data with D calculated from the data in the chamber of the instrument (see description later), the boundary layer resistance was implicitly ignored, because the fast air flow through the instrument chamber, with which we measured the leaf stomatal conductance, made the boundary layer much thinner than under most natural conditions. Stomatal conductance g s is assumed to be an increasing function of leaf turgor pressure with apparent elastic modulus, β (MPa m 2 h mol −1 ), as the coefficient:
where π x (MPa) is the osmotic pressure of guard cells. Equation (5) does not consider interactions between guard and subsidiary epidermal cells, which have been shown important for stomatal aperture (Cooke et al. 1976; Franks et al. 1998) . We made this simplification for three reasons.
(1) For light-induced changes in osmotic and turgor pressures of guard and epidermal cells, the flow of water and ions between guard and epidermal cells makes an increase or decrease in guard cell pressures (osmotic, turgor) always accompanied by a decrease or increase in epidermal pressures, so that the light-induced change in epidermal pressure tends to amplify, but never to offset, the effects of the light-induced changes in guard cell pressures on stomatal opening. We expect this amplification by guard cell-epidermal interactions can be reflected in constant β when the model is parameterised by least square regression. (2) There are mechanistic models using assumptions of guard-epidermal interactions during their model formulation, but the epidermal osmotic pressure was eventually set to constant in their validation and illustrative examples (Dewar 2002; Buckley et al. 2003, for example) . (3) Equation (5) has been used in the simple stomatal model by Gao et al. (2002) , which has been shown to be able to explain more than 70% of diurnal and seasonal variation of leaf transpiration rates for 11 species from trees to shrubs in humid southern China. Note that the reciprocal of β is the guard cell compliance per leaf area (k ψ ) in Gao et al. (2002) . Thus β is inversely proportional to stomatal density (The smaller the stomatal density, the bigger the stiffness β). In other words, k ψ is the product of stomatal density and the average elastic compliance of individual guard cells. Equation (5) also neglected a possible non-linear relationship between stomatal aperture and guard-cell turgor, and thus, is a first-order approximation to reality. Osmotic pressure of guard cells was considered to be a function of incident light intensity and CO 2 partial pressure on leaves as follows:
where π 0 (MPa) is the osmotic pressure at zero light intensity (dark), π p is the maximum osmotic pressure inducible by incident light when CO 2 partial pressure on leaves, C, equals a reference CO 2 pressure, C 0 , I p is incident photon flux density; and k I is half-saturation light intensity. Our treatment for the effects of CO 2 concentration on stomatal conductance is similar to Dewar (2002) , so that osmotic pressure decreases with CO 2 concentration on leaves. However, instead of using intercellular CO 2 pressure, we used pressure on leaf surface in order to avoid iterative computation. The capability of the plant body to store water is quantified by a capacitive constant C x . (Nobel 1983; Thornley and Johnson 1990) . Plant water potential (ψ x ) is assumed to be directly proportional to plant-body water content counted per leaf area, so that the charging flow (T rx ) in eqn (1) is proportional to the rate of variation of plant water potential:
where t is time (h) and
is termed plant-body water capacitance in analogy to electric capacitance. C x for leaves and twigs is derivable from measurements of pressure-volume relationships by means of pressure chamber extrusion experiments (Cheung et al. 1975, Ritchie and Hinckley 1975) . C x can vary with plant water content because the relationship between plant water content and water potential has been shown to be non-linear, in general. However, to make the model simple, we treated C x as constant for a first-order approximation to the general nonlinear relationship in this analysis. Similar to capacitance in electric circuits, the parameter C x functions as a buffering device to filter out abrupt changes (high-frequency variation) in microclimate variables, such as vapour pressure deficit and incident light intensity, making the variation in plant water potential, stomatal conductance, and leaf transpiration smoother than those in the driving variables. The larger the value of C x , the stronger the buffering effect. Furthermore, the variation in plant water potential, stomatal conductance and leaf transpiration will lag behind the variation in the driving variables. If there is an abrupt change in incident light intensity, temperature or vapour pressure deficit, the change will not be fully reflected in transpiration and stomatal conductance until a sufficient flow, T rx , charges or discharges the plant to a new state in equilibrium with the changed driving variables.
The model
Substituting the above assumptions and formulations into the mass balance eqn (1) and rearranging terms, we arrived at a non-linear, dynamic model of stomatal conductance:
The model describes the changing rate of stomatal conductance as a function of soil water potential, vapour pressure deficit, incident photon flux density, and CO 2 partial pressure, all on the leaf surface, with β, π 0 , π p, k I , r z0 , λ, C 0 , and C x as independent parameters. Dark osmotic pressure (π 0 ) may change with the plant growth (Monson and Smith 1982; Nilsen et al. 1983) . But the rate of π 0 variation is likely to be much slower than those of I p , C and g s , so that dπ 0 dt ≈ 0 is an additional assumption used in the derivation of eqn (8). At steady state with constant I p , ψ s , C and D are applied to the system for sufficiently long so that the transient effects fade out, or when the system has zero capacitance (C x = 0), an analytical solution to Eqn (8) can be found as follows:
It is not difficult to show that Eqn (9) will reduce to the model described by Gao et al. (2002) when λ approaches zero, C = C 0 , and k I becomes large enough that π p /(k I + I p ) ≈ π p /k I = α. An alternative form of the early model by Gao et al. (2002) is thus: (Xu et al. 2004) . Soil water contents of the habitats were sampled at depths of 5, 10, 30, 40, 60, 80, 120, 140, 160, 170 , and 250 cm at 1600 h on each of these days with TDR devices (time domain reflectometry, Model TRIME, IMKO Inc., Germany) calibrated by the oven-dry method. The soil water contents were converted to soil water potentials by means of soil clay fraction with the relationships described by Campbell et al. (1993) and Campbell and Norman (1998) . The vertically distributed soil water potentials were then averaged, with typical vertical rooting patterns (Ryel et al. 2002) as weights, to give the overall soil water potential for each observation day. The days of synchronised observations on stomatal conductance and soil water contents were arranged so that all species were measured for one day in mid-May, late July, and late September. Hippophae rhamnoides was observed on two consecutive days in May.
Model parameterisation
To fit our model with the field data observed in multiple stages of plant growth, we further assumed that leaf osmotic pressure changes as plants grow so that different dark osmotic pressure were assumed for May, July and September (Monson and Smith 1982; Nilsen et al. 1983; Li et al. 1992) . Furthermore, to reduce the number of parameters to be estimated, we set C = C 0 , which eliminated the effects of CO 2 on stomatal opening from eqns (8) and (9). This simplification leads to: May (1) May (2) May (3) May (4) July (1) July (2) Sept (1) Sept (2) Time ( where π 0m is the osmotic pressure at month m, and s m is a switch variable taking value of 1 if the current day is in month m, otherwise s m is zero. Note month m = 5, 7, 9 for May, July and September, respectively. To provide an estimate for the order of magnitude of C x , which is the sensitivity of xylem water potential to leaf / twig water loss, we proposed the following relationship derived from a pressure-volume experiment by Dong and Zhang (2001) :
where C x-leaf / twig is the body water capacitance contributed by leaves and twigs. W 0 is the water content of fresh leaves and twigs, V p / V 0 is the relative volume of water squeezed from the tissue at plasmolysis by the pressure-chamber method. π d is the pressure at plasmolysis, M w is the molar mass of water (18 g mol −1 ), and A SLA is specific leaf area. Dong and Zhang (2001) reported that π d and V p / V 0 were as high as 1.03 MPa and 80%, respectively, from their experiment on several common shrubs species in northern China. They also found that the maximum W 0 for these plants is 0.7. If π d has a minimum value of 0.5 MPa, and A SLA has a minimum value of 0.005 m 2 g −1 , we obtained an estimate of C x for leaf / twig as: 0.7 × 0.8 / 0.5 / 18 / 0.005 = 12.4 mol m −2 MPa −1 . Thus, to reduce the number of parameters to be estimated by the subsequent least square computation, we set C x to 10 mol m −2 MPa −1 for all species in this study. Parameter λ is set to 0.1 MPa −1 for the same reason so that the soil-toleaf conductance decreases to zero when plant water potential decreases to −10 MPa −1 . The field measured stomatal conductance (g s ) were nonlinearly regressed on three predictors, incident photon flux density (I p ), relative vapour pressure deficit (D) and soil water potential (ψ s ), using eqn (11) to obtain π 0 for 3 months, π p , k I , β and r z0 for each species. The derivatives with respect to time May (1) May (2) July (1) July (2) Sept (1) Sept (2) Time ( in eqn (11) were approximated by the ratios of differences of the respective variables over the time elapsed between two consecutive measurements. To drop the most random effects of repeated-measurements of the same leaves and plants that may lead to incorrect estimation of variances (Peek et al. 2002) , we averaged the measured values in each hour of measurement so that each data point in the non-linear regression analysis represents the mean values of nine replicates. Analyses were then carried out by means of a dynamic modelling program (Gao 1996; Gao et al. 2001) , which is capable of fitting non-linear differential equation models as well as ordinary non-linear regression models. The previous model (eqn 10) by Gao et al. (2002) was also applied to the same datasets to provide a comparison between the two models.
Simulation of diurnal courses of stomatal conductance under altered climate and soil water conditions
To examine the model's behaviour under altered climate and soil water conditions, we made up the following microclimate and soil water conditions: T = 28.0 + 8.0 cos 2π (t − 14.5) 24 (13)
where T is leaf temperature in • C. Equations (13) and (14) assume that a peak temperature of 36 • C occurs at 2:30 pm local time, and peak photon flux density of 5.4 mol m −2 h −1 (1500 µmol m −2 s −1 ) occurs at noon. Absolute humidity were set to two levels of 0.5 and 2 kPa, and air pressure set to 88 kPa, so that vapour pressure deficit varies with temperature. Soil water potential was set to −0.5 and −2.0 MPa for low and moderate water stress. The above conditions were then used to drive the present model for all the five species. Integration of eqn (8) for each species was repeated until equilibrium was reached with values of all variables at the beginning of a day equal to those at the end of the day. Stomatal conductance, leaf transpiration and plant water potential, were computed. To May (1) May (2) July (1) July (2) Sept (1) Sept (2) Time ( explore the effects of body water capacitance on stomatal conductance and leaf transpiration, the above calculations were also carried out for the model without water capacitance (eqn 9). The calculated stomatal capacitance, plant water potential and leaf transpiration for the model with finite water capacitance was then compared with those for the model with zero water capacitance.
Results and discussion
Non-linear least square regression
The comparison between observed data and the two diurnal courses of stomatal conductance of the five species predicted by the two models are shown in Figs 1-5. Tables 2 and 3 provide estimated parameters and statistics of the non-linear regression for the previous static model (Gao et al. 2002) with linear assumptions and the present dynamic model with nonlinear assumptions, respectively. All regressions were statistically significant according to F tests (not shown) on mean residual v. regression variances. The present dynamic model explains on average 88% of the variance in stomatal conductance for the five species, May (1) May (2) July (1) July (2) Sept (1) Sept (2) Time ( compared with 67% variations explained by the previous static model. The present model with one more parameter estimated by regression explained, on average, 21% more variation in the stomatal conductance than the previous model. Figure 6 shows scatter plots of model predictions v. observations without a time axis, to give a clearer and more concise depiction of the performance of the models. The predicted stomatal conductance is linearly regressed on the observed values. Statistical t-tests for zero intercepts and slopes equal to one were performed, and the results of the tests are given in Table 4 . An 'ideal' model should give zero intercepts, slopes of one, and zero regression residue or standard error. Table 4 shows that the present model gave smaller overall regression standard error (STE N) than the previous model (STE P). The results of the t-tests indicate that the previous model resulted in intercepts significantly different from zero for all species except A. gmelinii, and slopes significantly differently from one for all the five species. The present model, however, gave smaller absolute intercepts and slopes closer to one than the previous model for all five species. The t-tests also show that the intercepts from the present model are not significantly different from zero and that the slope is not significantly different from one for all the species except R. pseudoacacia, for which the present model failed to provide unbiased prediction. Nevertheless the present model performed better than the previous model for all species. Therefore, our discussion about physiological parameters in the remainder of this paper is based on the present dynamic model. Table 3 shows a wide range of dark osmotic pressure of plants from 0.1 MPa for Hippophae rhamnoides in September to 9.6 MPa for Malus pomila in July. Most values of π 0 are in the ranges found for Larrea tridentata by Odening et al. (1974) . If we assume a turgor pressure of approximately 1-2 MPa, the lowest xylem potential of −8.0 MPa reported by Odening et al. (1974) May (1) May (2) July (1) July (2) Sept (1) Sept (2) Time ( Monson and Smith (1982) , who reported that xylem water potential of Larrea tridentata varied from −1.7 MPa to −4.5 MPa during a growth season and that the lowest xylem potential occurred during the period July-December. Liu et al. (2003) measured leaf osmotic potential of 104 plant species in semiarid and arid northern China, and found that osmotic potential of these plants varied between −0.56 and −6.54 MPa. Table 2 also indicated that dark osmotic potential is variable with time within the growth season and the pattern of the variation differs from species to species. The variation of osmotic potential with time is an indication of plant's capability of osmotic regulation to maintain physiological activities under high water stresses (Monson and Smith 1982) . The osmotic regulation capability has also been reported by several experimental studies: Li et al. (1992) found that osmotic pressure of several trees and shrubs in northern China increased with time during the growth season. This result agrees with our finding for Gao et al. (2002) and the present dynamics model, respectively. STE (X) is the standard error of X. STE P and STE N are standard error of regressions for the two models respectively. * Indicates intercepts that are significantly different from zero or slopes significantly different from one at 0.01 probability. C. korshinskii, R. pseudoacacia, and A. gmelinii. Monson and Smith (1982) and Nilsen et al. (1983) reported that osmotic potentials of Larrea tridentata and Prosopis glandulosa in July were lower than in other seasons, which is consistent with our findings for Malus pomila and Hippophae rhamnoides in this study. The shrubs and trees have higher average dark osmotic pressure than the forb. As dark osmotic pressure is known as an index of plant tolerance to drought conditions, the woody species are, thus, more tolerant of drought than the forb. The two shrubs also showed greater osmotic regulation capability as they have greater seasonal variation in dark osmotic pressure and larger light-inducible π p than the other plants. The result indicates that the shrubs have higher capacity to cope with larger seasonal and diurnal changes in moisture and energy conditions than the other species. On average, osmotic pressure of plants in this study is much higher than those of trees found in humid southern subtropical China (∼0.9-1.8 MPa) (Gao et al. 2002) .
Physiological parameters obtained from the regression analysis
Osmotic pressures
Degrees of
Apparent stiffness of guard cell structure
Apparent elastic modulus of guard cell structure in this study varies from 1.41 kPa m 2 h mol −1 for Artemisia gmelinii to 16.0 kPa m 2 h mol −1 for Malus pomila. This equivalent to the ranges of the elastic compliance from 0.06 to 0.71 mol m −2 h −1 kPa −1 , compared to the findings of ∼0.428-1.112 mol m −2 h −1 kPa −1 by Gao et al. (2002) . The compliance of plants in arid regions are smaller that those of in humid southern subtropical China. The finite element analysis of guard cells (Cooke et al. 1976) indicated that a typical stomata opening width increases from 7 to 15 µm when turgor pressure inside guard cells increases from 0 to 700 kPa. If we assume that the stomata aperture of 7 and 15 µm corresponds approximately to stomatal conductance from 250 to 500 mmol m −2 s −1 , this gives an estimate of k ψ equal to 1.285 mol m −2 h −1 kPa −1 . Since β reflects the capability of plant leaves to resist incremental water stress (inverse of β is the slope of the curve relating stomatal conductance to leaf turgor), plants with larger β (or smaller k ψ ) are more resistant to water stress than those with smaller β. Note that the discussion of resistance is limited to the leaf scale, and the resistance to water stress is defined as the changes in stomatal conductance induced by one unit change in guard cell turgor pressure (or the difference in turgor pressures between guard and epidermal cells). Whether a plant can survive prolonged droughts depends on many other factors at the whole-plant and ecosystem scales. A smaller β may help to protect loss of soil water. Conversely, it can also decrease carbon assimilation and lead to starvation of plants. The most important factors for plants in arid regions to survive prolonged drought are probably high water-use efficiency, large non-structural carbon storage as observed for many xerophytes, and deep rooting patterns, rather than stomatal sensitivity alone. In this case, the woody species have greater β, and thus, greater leaf resistance to drought conditions than the forb. The result partly agrees with our understanding for arid ecosystems with less sensitive shrub stomata but more sensitive stomata of grass and forbs (Kemp et al. 1997; Gao and Reynolds 2003) .
Soil-to-leaf resistance and response of stomatal conductance to changes in air humidity
Interestingly, the two trees have larger soil-to-leaf resistance than the two shrubs, and the value of soil-to-leaf resistance of the forb is the smallest. The pattern seems to coincide with the height of plant canopies, and thus, the length of water flow path. The conductance of xylem is largely determined by radius of xylem vessels. In particular, the conductance is proportional to the fourth order of radii, according to laws of fluid mechanics. Other factors that contribute to xylem conductance are density of xylem vessels in the cross-section of stems and the length of water flow path (Nobel 1983) . Whether the larger resistance of the two trees can be attributed to the longer path of water flow in plant body has to be checked by future laboratory anatomic experiments.
Equilibrium model behaviour under prescribed climate and soil conditions
A general pattern of the equilibrium daytime stomatal conductance, plant water potential, and leaf transpiration rates of the five species is that the plants have peak water potential in early morning (Fig. 7) . When the sun rises, stomata open fully due to osmotic regulation by increased light intensity, hence the next peak after plant water potential is stomatal conductance. Stomatal conductance is not zero at 0600 h when light intensity is zero before the sun rises, implying there might be a significant amount of night transpiration. Guo (2004) measured 24-h leaf transpiration of two important shrubs in a 2-year controlled water supply experiment in northern China, and found that night transpiration can reach 30% of total daily transpiration. Snyder et al. (2003) obtained similar results. Peaks of leaf transpiration follow those of stomatal conductance with increased temperature and vapour pressure deficit. The lowest plant water potentials occurred in late afternoon, and gradually rose after their minima owing to reduced transpiration and steady water supply from the soil with constant water potentials. Possible secondary peaks of stomatal conductance and transpiration were predicted in late afternoons by the model without water capacitance (C x = 0), because the instantaneous follow-up of stomatal aperture with increased plant water potential for the cases without buffering by body water capacitance. Both monoand dual-peak features have been observed for species in arid regions under different moisture conditions, thus, our model with variable body water capacitance may explain the differences. In particular, stomatal conductance and transpiration of plants with smaller body water capacitance are more likely to be suppressed at midday and to exhibit a dual-peak feature than those of plants with greater body water capacitance. Moreover, body water capacitance of a plant is likely to vary with plant water potential (not a constant) in reality, thus, a plant may behave differently (mono-or dual-peak) under different moisture conditions. The diurnal patterns of stomatal conductance are thus considerably different from the behaviour predicted by the previous model by Gao et al. (2002) , which always gives a peak of leaf transpiration in midday. Stomatal conductance and leaf transpiration are shown to increase with soil water potential and vapour pressure on leaf surfaces. In the simulated ranges of these variables, decreasing water potential from −0.5 to −2.0 MPa had approximately the same effects on stomatal conductance and plant water potential as decreasing leaf vapour pressure from 2 kPa to 0.5 kPa. However, leaf transpiration is shown to increase with decreased vapour pressure, but decrease with soil water potential. Reducing vapour pressure on leaves also resulted in shift of transpiration peak to earlier morning because of suppressed stomatal conductance in the midday by increased vapour pressure deficit. Figure 7 also shows that plant water potentials of the five species vary from −1.0 to −8 MPa, approximately in the range of Larrea tridentata observed by Nilsen et al. (1983) .
Conclusions
A model of stomatal conductance based on linear assumptions of light regulation of osmotic pressure and constant soil-to-leaf conductance was revised to include effects of water capacitance of plant body, saturation of light-induced increase in osmotic pressure, and increased soil-to-leaf resistance with plant water stress, on stomatal conductance. Both the early and the revised dynamic models were applied to seasonal and diurnal observations on stomatal conductance of five species of trees, shrubs and a forb in the Loess Plateau, northern China, to quantify the ecophysiological characteristics of these plants by means of non-linear least square regression. We found that the present dynamic model with plant body water capacitance and non-linear assumptions is a significant improvement to the previous model for all the five species, and that the dynamic model explained on average 21% more variance in stomatal conductance observed in typical days during one growth season. Physiologically significant parameters obtained by means of the non-linear regression were checked against available observational and experimental measurements.
Inter-species comparisons of these physiological parameters revealed that the woody species are more tolerant for and resistant to drought conditions due to their greater dark osmotic pressure, greater capability of seasonal and diurnal osmotic regulation, and stiffer guard cell structure (or sparser stomatal density or both), than the forb. We also found a decreased trend of soil-to-leaf resistance from the trees to the shrubs to the forb. These conclusions remain hypothetical and suggest further experimental measurements of the parameters to provide more solid validation of the model.
Plants may or may not have a secondary peak of leaf transpiration in the afternoon, depending on its body water capacitance. In particular, plants with smaller water capacitance are more likely to have a second peak of transpiration than plants with greater body water capacitance.
